Objective: Most cardiac myosin binding protein C (cMyBP-C) gene mutations causing familial hypertrophic cardiomyopathy (FHC) result in C-terminal truncated proteins. However, truncated cMyBP-Cs were undetectable in myocardial tissue of FHC patients. In the present study, we investigated whether truncated cMyBP-Cs are subject to accelerated degradation by the lysosome or ubiquitin-proteasome system (UPS). Methods and results: By using an adenovirus-based approach, we analyzed expression and localization of myc-tagged truncated proteins (M6t 3%, M7t 80% truncation, both mutations have been identified in FHC patients) compared to wild type (WT) in neonatal rat cardiomyocytes. Despite similar mRNA levels, protein expression of M6t and M7t was markedly lower than WT (70F4% and 11F5% of WT, respectively, pb0.05). M6t exhibited weak incorporation in the sarcomere, whereas M7t was mis-incorporated at the Z-disk and formed ubiquitin-positive aggregates. The lysosome inhibitor bafilomycin only slightly raised the protein level of M7t, whereas the UPS inhibitors lactacystin or MG132 markedly raised M6t and M7t to WT level. Using an adenovirus encoding a fluorescent reporter of UPS activity, we demonstrate that mutant cMyBP-Cs impair the proteolytic capacity of the UPS. Conclusion: Truncated cMyBP-Cs are preferentially degraded by the UPS, which, in turn, may competitively inhibit breakdown of other UPS substrates. Since the UPS plays an important role in a variety of fundamental cellular processes, we propose impairment of this system by mutant cMyBP-Cs as a contributing factor to the pathogenesis of FHC.
Introduction
Familial hypertrophic cardiomyopathy (FHC) is a cardiac disorder characterized by left ventricular hypertrophy (LVH) with predominant involvement of the interventricular septum in the absence of other causes of hypertrophy. The main histological features are disordered architecture of the hypertrophied cardiomyocytes and interstitial fibrosis [1] . Hypertrophic cardiomyopathy is associated with an autosomal-dominant mode of inheritance with an estimated prevalence of 1:500 in the general population [1] . To date, more than 200 mutations in 14 different genes have been identified in FHC and most of them encode cardiac sarcomeric proteins [2] . Most of the families present a mutation in the MYBPC3 gene [3] , which encodes the cardiac myosin-binding protein C (cMyBP-C). MYBPC3 mutations most frequently result in a frameshift, and are expected to produce C-terminal truncated proteins lacking the titin and/or the major myosin-binding sites [3] [4] [5] . The MYBPC3 gene encodes a 144 kDa protein composed of 11 globular domains (numbered C0 to C10; Fig. 1 ). cMyBP-C is a major constituent of the thick filaments and is localized in doublets in the C-zone of the A-band of the sarcomere. cMyBP-C has both structural and regulatory roles. By binding to myosin [6, 7] , titin [8] and actin [9] , cMyBP-C contributes to the structural integrity of the sarcomere and regulates cardiac contractility in response to adrenergic stimulation [10] .
The molecular mechanisms by which frameshift cMyBP-C mutations lead to FHC are not completely elucidated. Western blots of myocardial tissue from patients carrying a frameshift cMyBP-C mutation did not reveal measurable expression of truncated cMyBP-C [11] [12] [13] . Overexpression of human truncated cMyBP-Cs in fetal rat cardiomyocytes or in transgenic mice showed markedly lower expression and sarcomere incorporation than wild type (WT) protein [14, 15] . These data are compatible with the bnull-alleleQ mechanism and suggest rapid degradation of truncated cMyBP-C, which may be promoted by the absence of biomolecular interaction between truncated forms of cMyBP-C and h-myosin heavy chain (h-MyHC) [7] . The WT full-length cMyBP-C contains 1273 amino acids, and is composed of eight immunoglobulin-I motifs, three fibronectin type III repeats and the MyBP-C motif containing three phosphorylation sites. Insertion/deletion in exon 33 results in a loss of the terminal 54 residues, which are replaced with 19 novel residues (mutation M6, truncation by about 3% of the weight length). Skipping of the exon 6 results in a loss of the terminal 1055 amino acid residues, including the MyBP-C motif; a frameshift encodes 41 novel residues followed by premature termination (mutant M7t, truncation by about 80% of WT length) Each cMyBP-C protein contained a myc-tag placed after the initiator methionine residue. (B) Western blot analysis with an anti-myc antibody detects adenoviral overexpressed cMyBP-Cs. Cell lysates were derived from NRCM infected with Ad.WT, Ad.M6t and Ad.M7t, respectively. As an internal control protein EGFP was quantified. The bar graph summarizes the results from 10 independent experiments. *pb0.05. (C) Northern blot analysis of human MyBP-C mRNA expressed in cardiomyocytes infected with Ad.WT, Ad.M6t and Ad.M7t, respectively. For control, EGFP mRNA levels were determined. Note that the Northern probe does not recognize endogenous rat cMyBP-C. Ctr, not infected control NRCM. The bar graph summarizes the results (n=3).
Eukaryotic cells are equipped with two main protein degradation systems: the lysosomes, which degrade membrane and endocytosed proteins, and the ubiquitin-proteasome system (UPS) [16] . Degradation of proteins via the latter system involves an enzymatic cascade through which multiple ubiquitin molecules are covalently attached to the protein substrate, which is then degraded by the 26S proteasome complex [17] . Protein degradation by the UPS seems to play an important role in a variety of fundamental cellular processes, including regulation of the cell cycle, modulation of cell surface receptors and ion channels and antigen presentation [18] . Moreover, the pathway has been implicated in several forms of malignancy, in the pathogenesis of several genetic diseases, in immune surveillance/ viral pathogenesis and pathology of neurodegenerative disorders like Alzheimer or Parkinson [19, 20] . In addition, it is becoming increasingly apparent that a dysfunctional UPS is also implicated in the initiation and progression of atherosclerosis [16] .
In this experimental study, we investigated whether truncated cMyBP-Cs resulting from two different naturally occurring mutations are subject to lysosomal or proteasomal degradation. We demonstrate that these truncated cMyBP-Cs are rapidly and quantitatively degraded by the UPS and, more importantly, provide evidence that truncated cMyBP-C mutants also impair the proteolytic capacity of the UPS. We propose that this could contribute to the pathogenesis of FHC related to frameshift cMyBP-C mutations.
Methods

Isolation of neonatal rat cardiac myocytes
All care and treatment of animals were in accordance with the guidelines for the Care and Use of Laboratory Animals published by the National Institute of Health (NIH Publication 85-23, revised 1985) and subjected to prior approval by the local animal protection authority. NRCM were dissociated from the ventricles of 1-3-day-old Wistar rats (Charles River) by serial trypsin/DNase II digestion as described previously [21] .
Generation of recombinant adenovirus expressing wild type and truncated cMyBP-Cs
Three different cDNAs encoding WT, M6t and M7t human cMyBP-Cs were used in this study (Fig. 1A) . The WT cMyBP-C encodes the full-length human cMyBP-C. M6t is a 3% truncated cMyBP-C resulting from an insertion/ deletion in exon 33 [5] . M7t is a 80% truncated cMyBP-C, which results from a G to A transition on the last nucleotide of exon 6 that leads to the skipping of exon 6 [3] . The procedure to construct WT and M6t cMyBP-C cDNAs has been described previously [7, 14] . The M7t cDNA was generated by PCR mutagenesis from the WT cDNA with two complementary primers overlapping the end of exon 5 and the beginning of exon 7 (forward: 5V-CAGCTAC-GACCGCGCCAGCAAGAGGCCATGGGCACCGGA G-3V and reverse: 5V-CTCCGGTGCCCATGGCCTCTT-GCTGGCGCGGTCGTAGCTG-3V). Each plasmid contains a c-myc epitope in the 5V-end of the cDNA. Adenovirus generation was performed as described [21] . Adenovirus was applied at a concentration of MOI 5-10, and adenovirus with the same parental genome carrying the enhanced green fluorescent protein (EGFP) gene was used as control.
Generation of recombinant adenovirus expressing ubiquitin
G76V -DsRed
We established a red fluorescent protein (DsRed)-based reporter system (Ubi G76V -DsRed) for quantifying proteasomal activity in living NRCM. The stable DsRed was converted into a substrate for proteasomal degradation by fusion to ubiquitin G76V , as described [22] . This fusion construct was subcloned into the monocistronic pShuttle vector and a recombinant adenovirus was generated as described earlier [21] . 
Immunofluorescence analysis
NRCM cultured on glass slides were infected with Ad-WT, Ad-M6t or Ad.M7t. 48 h later, cells were fixed in methanol/acetone (1:1) and immunofluorescence staining was performed using the following primary and secondary antibodies: anti-myc mAb (Invitrogen, 1:500), anti-ubiquitin polyclonal antibody (1:1000, Dako), anti-titin polyclonal antibody (1:1000, kindly donated by Dr. Siegfried Labeit, Heidelberg, Germany), anti-rabbit IgG antibody conjugated with Alexa 488 (1:1000, Molecular Probes), anti-mouse IgG antibody conjugated with Cy3 (Sigma, 1:1000) or Alexa 350 (1:1000, Molecular Probes).
Northern blot analysis
RNA was isolated from NRCM with Trizol (Gibco). Tenmicrogram aliquots were subjected to electrophoresis, transferred onto Hybond-N membranes (Amersham). A 1519 bp fragment of the human cMyBP-C cDNA (including the myc-tag) and a 759 bp fragment of the EGFP cDNA, respectively, were used to generate specific probes.
Western blot analysis
NRCM were lysed in lysis buffer (30 mM Tris-HCl, pH 8.8, 3% SDS, 10% glycerol, 5 mM EDTA, 30 mM sodium fluoride, 2 mg/l aprotinin) in a glass/teflon homogenizer. SDS-PAGE followed by transfer of proteins onto nitrocellulose membranes and staining procedures have been described previously [21] . Polyclonal antibodies directed against the c-myc epitope (Sigma, 1:5000), EGFP (Santa Cruz, 1:2000) or DsRed (BD Biosciences Clontech, 1:2000) were used.
FACS analysis
NRCM (5Â10
5 cells/dish) were harvested in 0.5% trypsin-EDTA for 5 min at RT, washed in PBS and stored on ice until analysis on a FACScan (Becton-Dickinson) flow cytometer. Data were analyzed by using CELLQUEST software (Becton Dickinson).
Statistical analysis
Data are expressed as meanFS.E.M. Statistical analysis was made by ANOVA followed by post hoc analysis with the Bonferroni correction for multiple comparisons. A value of Pb0.05 was considered statistically significant.
Results
Diminished amount of truncated cMyBP-C protein relative to WT despite similar mRNA levels
Three bicistronic recombinant adenoviruses were constructed, which allowed the concomitant expression of human WT, M6t or M7t cMyBP-Cs together with enhanced green fluorescent protein (EGFP). The Ad.WT encodes the full-length human cMyBP-C, while Ad.M6t and Ad.M7t encode a 3% and 80% truncated mutant cMyBP-C, respectively (Fig. 1A) . In order to distinguish the expression of exogenous cMyBP-C from the endogenous rat one, exogenous proteins were N-terminally myc-tagged. The myc tag at this position does not interfere with the capacity of the recombinant cMyBP-Cs to incorporate into the sarcomere [14] . Fig. 1B illustrates expression levels of WT, M6t or M7t protein 48 h after adenoviral infection as determined by Western blotting. In lysates from Ad.WT-infected cells, the myc-antibody detected a major band of the expected molecular weight of 144 kDa. Infection with Ad.M6t and Ad.M7t showed the predicted truncated proteins of 140 and 34 kDa, respectively. Importantly, the amount of truncated cMyBP-C was markedly lower than WT, especially for M7t. Immunoreactive bands running below WT and M6t protein respectively most likely represent degradation products. To correct for minor inter-individual differences in transfection efficiency, cMyBP-C expression was related to EGFP levels. Densitometric analysis revealed that M6t and M7t were reduced by 30F4% and 89F5%, respectively, when compared to WT (Fig. 1B) .
To investigate whether an instability of the corresponding mRNA transcripts accounts for the decrease in truncated cMyBP-C levels, Northern blot analyses were carried out (Fig. 1C) . No differences between WT and truncated cMyBP-Cs mRNA levels were observed (Fig. 1C) , indicating that mRNA stability was not affected.
3.2. Low levels of truncated cMyBP-C proteins were mainly due to proteasomal degradation Specific inhibitors were used to test whether lysosomal and/or proteasomal degradation of truncated cMyBP-Cs accounts for their instability. Treatment of the cells with bafilomycin A1 (50 nM, 6 h), an antibiotic that inhibits the vacuolar type H + -ATPase responsible for generating the acidic environment and pH optimum of lysosomal enzymes [23] , increased the level of M7t (+193%) and WT (+12%), but did not affect M6t (Fig. 2) . The proteasome degradation pathway was analyzed with two selective inhibitors, lactacystin (25 AM, 24 h), an irreversible inhibitor of the chymotryptic-and tryptic-like activities of the proteasome, and MG132 (carbobenzoxyl-leucinyl-leucinyl-leucinal, 50 AM, 2.5 h), a reversible inhibitor of the chymotrypsin-like activity of the proteasome [24] . Lactacystin raised the protein level of M6t and M7t by 135% and 737%, respectively (Fig. 3) . MG132 increased protein levels of M6t and M7t by 54% and 1913%, respectively. Relative to changes observed for mutants both inhibitors induced only minor changes in WT levels.
Altered incorporation of truncated cMyBP-C mutants in the sarcomere
To investigate the expression and sarcomeric localization of WT and mutant cMyBP-Cs, NRCM were infected with the different recombinant adenoviruses for 48 h (MOI 5) and co-immunostained for myc and the Z-band part of titin. Fig. 4A shows typical confocal microscopy and fluorescence profiles. The WT cMyBP-C was incorporated in doublets in the A-band of the sarcomere and the endogenous Z-band striations were conserved. The M6t mutant was also incorporated in the A-band of the sarcomere, but more diffusely than WT. In contrast to WT and M6t, the M7t mutant did not incorporate into the A-band but co-stained with the Z-band of titin.
The percentage of NRCM showing expression of exogenous cMyBP-Cs was estimated by scoring the number of myc-positive cells (Fig. 4B) . This showed that 79% of NRCM infected with Ad.WT expressed the exogenous protein (742 out of 934 cells). In contrast, expression of M6t and M7t was observed in only 24.6% (191 out of 776 cells) and 3.5% (29 out of 824 cells), respectively, despite very similar EGFP fluorescence. After treatment with lactacystin (20 AM, 24 h), the number of myc-positive cells infected with Ad.M7t increased three-fold from 3.5% to 11.6%, while the phenotype of incorporation remained unchanged (data not shown).
Formation of aggregates by truncated cMyBP-C
Cells infected with Ad.M7t exhibit two different staining patterns: Some cells demonstrate sarcomeric (mis-)incorporation of the mutant protein (Fig. 4 ). Other cells demonstrate aggregates but few incorporation into the sarcomere (Fig. 5) . In contrast, no aggregates were observed in Ad.WT or Ad.M6t infected cells even when the virus titer was increased (MOI 15) to augment WT and M6t protein expression (data not shown). This rules out the possibility that protein expression per se induces aggregate formation. To determine the composition of the aggregates, NRCM were co-stained for ubiquitin. Ubiquitin and cMyBP-C co-localized (Fig. 5A) , suggesting that aggregate formation might be due to impaired proteasomal degradation of ubiquitin-conjugated proteins, e.g. ubiquitinated mutant cMyBP-C.
To test whether the formation of M7t aggregates result from its inability to correctly incorporate in the sarcomere, we investigated the effects of adenoviral expression of WT, M6t and M7t in HeLa cells, which are non-muscle cells. In the absence of MG132, the expression level of cMyBP-Cs was directly correlated to the size of the proteins, as shown before in NRCM. MG132 significantly increased the expression of M6t and M7t, but not that of WT (Fig. 6A) . Two days after infection of HeLa cells with Ad.WT, Ad.M6t and Ad.M7t (MOI 5), respectively, cells stained positive for cMyBP-C (Fig. 6B) . While WT cMyBP-C was homogeneously distributed in the cytosol, aggregates were observed in HeLa cells expressing M7t. The M6t mutant showed an intermediate phenotype, accumulating predominately in the perinuclear region with a grainy appearance. These data suggest that UPS-dependent degradation and aggregation are determined by the structure of the truncated protein per se and not by the absence or presence of sarcomeric incorporation.
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Impairment of the proteasome by truncated cMyBP-C mutants
To investigate whether mutant cMyBP-Cs might block proteasomal degradation of other cellular proteins, we established a red fluorescent protein (DsRed)-based reporter system for quantifying proteasomal activity in living cells. Normally, the Ub G76V -DsRed fusion protein is rapidly degraded by the UPS and therefore not detectable, whereas impairment of the UPS function leads to the accumulation of Ubi G76V -DsRed and thus increased fluorescence (Fig. 7) . To test the method, NRCM were infected with the reporter virus for 24 h (MOI 5). With the exception of a few cells, no DsRed fluorescence was observed (Fig. 7B) . In contrast, NRCM treated with MG132 (50 AM, 4 h) showed a marked increase in DsRed fluorescence, therefore validating the method. To analyze whether cMyBP-C mutants also impair proteasomal function, the Ub G76V -DsRed fusion protein (MOI 5) was co-expressed with WT or truncated cMyBP-Cs (MOI 10) for 24 h. The green fluorescence of the bicistronically expressed EGFP served as a positive control for infection. Fig. 8A shows that expression of WT did not induce red fluorescence, indicating a normal function of the proteasome. In contrast, NRCM co-expressing the mutant M6t or M7t cMyBP-C exhibited much stronger DsRed fluorescence (Fig. 8A) . Quantification by Western analysis revealed an increase in Ub G76V -DsRed by 107% for M6t and 246% for M7t relative to WT (Fig. 8C) . These results were confirmed by FACS analysis. Expression of M7t increased the number of DsRed-positive cells 3.6-fold compared to WT (Fig. 8B) . DsRed fluorescence, indicative of UPS inhibition, was associated with M7t protein accumulation and aggregate formation (Fig. 8D) . Moreover, Western analysis with an ubiquitin antibody (Fig. 9 ) demonstrated more directly that at least the M7t mutant impairs proteasomal degradation of other UPS substrates, which subsequently accumulate.
Discussion
By using adenoviral transfection of NRCM, we demonstrated that human truncated cMyBP-C mutants are not well incorporated into the sarcomere, form ubiquitin-positive aggregates, and are subject to rapid and quantitative degradation mainly by the UPS. Importantly, the data also provide direct evidence that truncated cMyBP-Cs impair the function of the UPS.
Despite well established genetic etiologies of FHC [2] , the pathogenetic process remains not fully elucidated, especially for cMyBP-C related FHC, which represents a major part of the disease-causing mutations [3] . Most of the cMyBP-C gene mutations result in a frameshift and are expected to lead to C-terminal truncated proteins lacking the major titin and/or myosin-binding sites [3, 5] . At present, the most likely disease mechanism is that frameshift cMyBP-Cs act as bnull allelesQ leading to bhaploinsufficiencyQ of cMyBP-C in the sarcomere. When myocardial tissue of four individual FHC patients carrying a cMyBP-C frameshift mutation were studied, no truncated cMyBP-C was detected although the aberrant mRNAs were present [11] [12] [13] . In addition, overexpression of human truncated cMyBP-Cs in fetal rat cardiomyocytes or in transgenic mice resulted in markedly lower protein levels and sarcomere incorporation than WT protein [14, 15] . Our experimental data are consistent with previous findings and provide first evidence that truncated cMyBP-Cs are rapidly degraded mainly by the UPS. Taking into account that in the experimental setting the strong CMV promoter drives expression of mutant cMyBP-Cs, it is most likely that in the context of human FHC the mutants are indeed rapidly cleared.
Incorporation of the truncated cMyBP-Cs into the sarcomere was altered for both mutants investigated. While the mutant M6t showed a diffuse incorporation into the Aband, mutant M7t misintegrated into the Z-disc of the sarcomere. Previous interaction studies suggested that in particular the C-terminal domains are important to target cMyBP-C to the correct location in the sarcomere [6, 7] . These include the myosin binding site in the C10 domain of cMyBP-C and sites involved in trimerization of cMyBP-C into a collar around the thick filament. On the basis of this previous work, the aberrant localization of the mutant M7t protein lacking the domains C2-C10 is not surprising. Its mis-incorporation into the Z-disks likely results from the presence of an actin-binding site in the C0 domain [27] . Although M6t interacts with myosin in vitro [7] , integration of M6t into the sarcomeres of NRCM was clearly altered suggesting that full preservation of the C10 domain of cMyBP-C is essential for correct integration and spatial arrangement.
Infected NRCM exhibited peri-and intranuclear aggregates of M7t mutants. These aggregates were not observed with WT or M6t cMyBP-C. Notably, the aggregates were ubiquitin-positive suggesting that they are composed of mutant cMyBP-C that is marked for degradation, but not further processed. Formation of ubiquitin-positive aggregates is a prominent feature of most neurodegenerative WB: anti DsRed disorders [19] , and was observed as well in other human diseases such as cystic fibrosis or metabolic disorders [28] . Interestingly, in an animal model of cardiac hypertrophy, augmented ubiquitin-positive lipofuscin deposits have been reported [29] . More recently, hyperubiquitination of proteins and deposition of nuclear or cytosolic ubiquitin-positive aggregates have been observed in human dilated cardiomyopathy [30] . In the context of human FHC, however, no evidence for aggregate formation has been documented yet.
Degradation of truncated cMyBP-C by the UPS might depend either on its inability to incorporate into the sarcomere or on the structure of the mutant proteins itself, i.e. misfolding. To test the latter hypothesis, we performed an additional set of experiments in the non-muscle HeLa cells lacking a sarcomeric contractile apparatus. As in NRCM, both truncated cMyBP-Cs, M7t more than M6t, were degraded by the UPS and expression of M7t was associated with aggregate formation in HeLa cells. These results indicate that the degradation and aggregation are determined by the mutant protein structure per se rather than by the inability of truncated cMyBP-Cs to stably incorporate into the sarcomere.
A particularly important aspect of our findings is the demonstration that truncated cMyBP-Cs are not only substrates but also inhibitors of the UPS as shown with a Ub G76V -DsRed reporter system. Inhibition of the proteasome by mutant protein is not unique to M7t. A recent example might be the UBB +1 protein, a mutant ubiquitin carrying a 19-amino acid C-terminal extension, which accumulates in patients with Alzheimer disease. Like M7t, UBB +1 was recognized as an UPS substrate and acts as a potent inhibitor of the UPS in living cells [26] . The mechanisms by which proteasome-function is inhibited remain unclear. Most likely, mutant cMyBP-Cs provide an unusually strong degradation signal and effectively compete with other degradation-prone proteins for the proteasome. Additionally, protein aggregation by itself-as observed with M7t-may impair the proteasome activity. This would initiate a vicious circle. Indeed, a similar mechanism has been postulated by Bence et al. who observed that ubiquitinpositive aggregates impair the proteasome function [25] .
Our data highlight some general differences between wild type and truncated cMyBP-C concerning their stability, their capability to form aggregates, and their capacity to impair the UPS. Whether these findings can be translated to the in vivo situation remains speculative at present. One important limitation of our study may result from the high expression level of exogenous cMyBP-C. Nevertheless, several findings corroborate the belief that general mecha- nisms identified in the present study may have some relevance for the pathogenesis of FHC. Recent studies suggest that functions of the UPS cover more than just protein disposal. For example, the functional state of the UPS can be an important determinant of cell survival. Indeed, in our cell culture model, we found an increased rate of apoptosis in NRCM expressing M7t compared to WT cMyBP-C (unpublished observations). In line with this reasoning, endomyocardial biopsies from patients with hypertrophic cardiomyopathy showed the highest rate of TUNEL-positive cells when compared to dilated or ischemic cardiomyopathy [31] . Another key issue regards the functional significance of the UPS for cells to exhibit a synthetic/anabolic phenotype. In fact, whether a muscle cell grows or atrophies is determined largely by the overall rate of proteasome-dependent proteolysis, as demonstrated at least for skeletal muscle [32] . Additional evidence support the view that, secondary to proteasome inhibition, accumulation of growth factors or their receptors may occur in some cell types [33] . Although the mechanisms are still a matter of debate, it is well established that proteasomes promote internalization and ultimately degradation of membrane bound receptor molecules, such as the growth hormone receptor or the h2-adrenergic receptor [33, 34] .
Taken into account that the capacity of the UPS declines with age and with oxidative stress [35, 36] , it is tempting to speculate that cMyBP-C mutants impose a continuous, lifelong additional workload on the protein degradation machinery in the heart. The consequence may be decreased degradation of abnormal proteins resulting from aging or oxidative stress, whose accumulation could be toxic, and of many regulatory proteins (e.g. regulators of apoptosis), whose short half-lives determine their activities. Failure to eliminate these proteins might disrupt cellular homeostasis and initiate a late onset cardiomyopathy, which is characteristic for FHC secondary to mutations of the MYBPC3 gene [37] . Although the specific effects of UPS remain to be investigated in detail, the present study raises the possibility that impairment of the UPS by truncated cMyBP-C mutants might contribute to the pathogenesis of FHC.
